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Previous studies have established that a recombinant protein fragment (45A) of the egg receptor for sperm of the sea urchin
Strongylocentrotus purpuratus exhibits several characteristics that are consistent with that expected of a receptor. Using
a quantitative sperm binding assay with glutathione S-transferase fused to a recombinant protein containing the C-terminal
half of the 45A construct immobilized on glutathione beads, it was found that the interaction between sperm and this
protein is a kinetically transient event. Sperm binding to the receptor fragment reached a maximum at 20 s after adding
sperm in the presence of egg jelly to beads coated with recombinant receptor. In the next 20–120 s, approximately 50–70%
of the sperm detached from the beads. Similar phenomena were observed when the kinetics of sperm binding to dejellied,
glutaraldehyde-fixed eggs were studied. Because the acrosome reaction, a prelude to binding, is known to be accompanied
by a decrease in the ATP level of sperm, we studied the effect of various inhibitors on both sperm detachment and the level
of ATP. It was found that the detachment rate increased slightly when respiration inhibitors that blocked ATP production
in mitochondria were added. In contrast, the dynein ATPase inhibitor, erythro-9-[3-hydroxynonyl]adenine, which is known
to inhibit flagellum motility by blocking ATP utilization, stabilized the binding of sperm to the receptor and allowed
maintenance of a high internal ATP level. Immotile, tailless sperm that physically lacked dynein ATPase, and therefore
sustained their internal ATP levels, also exhibited stable binding provided that the sperm and beads were physically mixed.
These results suggest that the internal ATP level of the sperm controls the stability of its binding to the receptor. The
possible mechanism of the detachment and its significance with respect to the overall process of fertilization are
discussed. © 1998 Academic Press
INTRODUCTION
Species-specific fertilization is believed to be initiated by
interactions between sperm and one or more extracellular
matrix components overlying the egg plasma membrane be-
fore sperm–egg fusion can occur. In the case of the sea urchin,
in an initial step sulfated polysaccharides in the jelly coat
surrounding the egg play a role in the species-specific induc-
tion of the acrosome reaction between phylogenetically dis-
tinct species in sea urchins (SeGall and Lennarz, 1979; Alves
et al., 1997). Another key step in maintaining species speci-
ficity in the sea urchin is thought to be the subsequent binding
of acrosome-reacted sperm to the egg surface (Summer and
Hylander, 1975, 1976; Kinsey et al., 1980). This species speci-
ficity is preserved even after eggs are fixed with glutaraldehyde
(Kato and Sugiyama, 1978). Following gamete fusion and onset
of fertilization envelope elevation, detachment of bound
sperm from the egg surface is observed, a process that is
believed to be due to the proteolysis of cell surface binding
proteins by SBTI-inhibitable proteases released from the cor-
tical granules (Vacquier et al., 1973a). However, Vacquier
(1979) made the surprising finding that the process of sperm
binding and detachment could still be observed using
formaldehyde-fixed eggs. In contrast to live eggs, detachment
of sperm from these formaldehyde-fixed eggs was not pre-
vented by SBTI, indicating that under these conditions a
mechanism other than proteolysis is involved in this detach-
ment process.
Our earlier efforts to identify an Strongylocentrotus pur-
puratus egg surface molecule that species-specifically inter-
acts with sperm led to the finding that a 70-kDa fragment
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proteolytically liberated from the intact egg surface by
lysylendoprotease C exhibited the characteristics for a
species-specific factor (Foltz and Lennarz, 1990). Using a
polyclonal antibody raised against the 70-kDa fragment, the
egg receptor for sperm was cloned and sequenced (Foltz et
al., 1993). Recently, this sequence has been revised and
shown to encode for a protein of 889 amino acids (Just and
Lennarz, 1997). A recombinant receptor encompassing the
N-terminal half of the receptor (491 amino acid residues
termed 45A) was found to inhibit sperm binding and fertili-
zation in a dose-dependent manner in competition assays
(Foltz et al., 1993; Stears and Lennarz, 1997). A more direct
test of sperm binding to the receptor fragment was devel-
oped using a glutathione S-transferase (GST) fusion protein
linked to glutathione agarose beads. Studies using this assay
and a series of truncated GST fusion constructs revealed
two domains in the N-terminal half of the receptor involved
in sperm binding. One domain consisting of GST fused to
the peptide encompassing residues 96–342 (abbreviated
G(96–342)) showed heterotypic sperm binding capacity
because it bound both S. purpuratus and Lytechinus pictus
sperm. Another domain which encompassed a 32-amino
acid peptide, G(380–411), revealed a genus-specific binding
site because both S. purpuratus and Strongylocentrotus
franciscanus, but not L. pictus, sperm could bind to it
(Stears and Lennarz, 1997). These domains are diagrammed
in Fig. 1.
In an earlier study, the interaction between sperm and
beads containing an attached recombinant receptor was
found to be kinetically dynamic (Dhume et al., 1996).
Maximum sperm binding was observed at 20 s after sperm
were mixed with the receptor fragment-coated beads. This
was followed by a marked decrease in the number of bound
sperm. This phenomenon is quite similar to that observed
by Vacquier (1979) using formaldehyde-fixed eggs. In view
of these findings, we investigated the mechanism of sperm
detachment from the recombinant receptor attached to
beads. It is known that the ATP level in sperm begins to
decline shortly after induction of the acrosome reaction
(Christen et al., 1983b). Given these facts, we investigated
the relationship between the ATP level of sperm and their
ability to bind to the recombinant receptor. The results
indicate that stable sperm binding requires maintenance of
a high level of internal ATP. It may also explain the finding
that sperm lose their capability to fertilize rapidly after
induction of the acrosome reaction (Kinsey et al., 1979;
Vacquier et al., 1979).
MATERIALS AND METHODS
Materials. EHNA, CCCP, sodium azide, and sodium cyanide
were purchased from Sigma (St. Louis, MO). ATP, luciferin, and
luciferase were from Calbiochem (La Jolla, CA). Protease inhibitors
were purchased from Boehringer-Mannheim (Indianapolis, IN).
Handling of gametes. The sea urchins S. purpuratus and L.
pictus were purchased from Marinus Inc. (Venice, CA), and their
gametes were collected by injection of 0.55 M KCl into the body
cavity. Unfertilized eggs were washed several times with artificial
seawater (ASW) and dejellied by passage through nylon mesh:
10–20 passages through 120-mm mesh were carried out for S.
purpuratus, 8–10 passages through 210-mm mesh were carried out
for L. pictus. The extent of dejellying was checked by observing the
distance between eggs under the microscope. After dejellying, the
eggs were fixed with 1% glutaraldehyde in ASW for 2–3 h at room
temperature with rocking and then stored at 4°C for at least 1 day
before use. Prior to performing the sperm–egg binding assay, fixed
eggs were rocked in 10 mM Tris-buffered seawater, pH 8.0 (Tris–
SW), for 1 h to remove any free glutaraldehyde. Eggs were then
washed with ASW several times.
Recombinant receptor fragments of the egg receptor for sperm.
Generation and isolation of GST-linked recombinant receptor
fragments were carried out as described in an earlier study (Stears
and Lennarz, 1997). For the sperm–bead binding assay GST-linked
receptor fragments were coupled to glutathione agarose beads.
Glutathione beads were saturated with each receptor fragments.
Sperm-bead binding assay. The sperm–bead binding assay was
performed as previously described (Stears and Lennarz, 1997) with
some modifications. Dry sperm were diluted 50-fold into prechilled
Tris–SW and stored on ice. This sperm suspension was utilized for
3–4 h. Prior to each assay sperm motility and the ability of sperm
to aggregate with jelly were checked. Glutathione agarose beads (5
ml) coupled with GST-linked recombinant receptor fragments were
suspended in Tris-SW (35 ml) and then transferred into a 96-well
culture plate (flat-bottom). Solubilized jelly coat (10 ml) was added
to them at a final concentration of 28 mg fucose/ml; the sugar
content was estimated by phenol sulfuric assay (Dubois et al.,
1956). A sperm suspension (10 ml) was then mixed at a final sperm
dilution of 250-fold. In order to immobilize the bound sperm to the
beads, 200 ml of fixative solution (1% glutaraldehyde in 1M
sucrose) was added at various times after addition of sperm to
beads. After 20 min the beads containing sperm had settled and
bound covalently; and unbound sperm remained in the superna-
tant, which was discarded and replaced with fresh seawater. To
eliminate any remaining unbound sperm, the beads were washed at
least five times with seawater. The bound sperm were stained with
2 mg/ml of DAPI for 30 min, and then the total number of sperm
bound on the beads was counted using a fluorescence microscope
equipped with UV filter (Nikon). The mean sperm bound per bead
and the standard errors were calculated by determining the number
of sperm bound to 10 beads for each data point. Although the
absolute number of sperm bound per bead varied with different
FIG. 1. Recombinant fragments of egg receptor for sperm. Recom-
binant receptor fragments were expressed as fusion proteins linked
to the C-terminus of GST. The full-length recombinant egg recep-
tor for sperm has 889 a.a. Closed box indicates a 32-a.a. domain
(G(380–411)) which exhibits sperm binding activity in a genus-
specific manner (Stears and Lennarz, 1997).
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batches of sperm, the kinetics were highly reproducible. To test
sperm binding to fixed eggs, the binding assay was carried out using
the same procedures.
To examine the effect of inhibitors for respiration or motility on
sperm detachment, 50 ml of inhibitor solution was added at 20 s
after sperm addition to the beads, and then fixative solution was
added at the appropriate time.
Tailless sperm–bead binding assay. Tailless sperm were pre-
pared by the method of Vacquier (1986). All steps were carried out
at 0–4°C. Dry sperm were diluted with 6 vol of solution A (475 mM
NaCl, 25 mM KCl, 1 mM CaCl2, 10 mM Tris–HCl pH 8.0). The
sperm suspension was passed through a syringe equipped with a
22.5-gauge needle eight times, and then 700 ml was placed on 5 ml
of solution B (25% sucrose, 1 mM CaCl2, 10 mM Tris–HCl, pH 8.0)
in 5-ml glass tube and centrifuged at 650g for 15 min. After the
supernatant containing separated tails was discarded, 1 ml of
solution A was gently poured on the pellet. The supernatant was
discarded to remove any remaining tails contaminating the pellet.
The pellet was resuspended with seawater and examined under the
microscope. For the sperm–bead binding assay using tailless sperm,
the 96-well plate was attached to a vortex mixer and continuously
agitated gently.
Measurement of the ATP content of sperm. The ATP content
of sperm was determined using the luciferase assay (Nguyen, et al.,
1988). Dry sperm were diluted 250-fold with Tris–SW containing
egg jelly (28 mg fucose/ml). These conditions were identical to
those used in the sperm-binding assay except for the absence of
beads. After addition of any inhibitors, aliquots of the sperm
suspension were placed into releasing reagent (0.06% Triton X-100,
50 mM Tris–HCl, 5 mM EDTA, pH 8.5) and then Hepes buffer (25
mM Hepes, 10 mM MgCl2, 0.02% NaN3, pH 7.75) and luciferin–
luciferase were added. The luminescence was monitored in a
scintillation counter. The internal ATP concentration was calcu-
lated by assuming that the internal volume equals 50% of the
volume of dry sperm, as reported by Christen et al. (1983a).
RESULTS
Kinetics of Sperm Binding to Aldehyde-Fixed,
Dejellied Eggs and to Beads Coated with a
Recombinant Receptor Fragment
Kato and Sugiyama (1978) showed that when sperm were
added to a suspension of fixed, dejellied eggs in sea water
containing egg jelly water, they underwent the acrosome
reaction and bound to the fixed eggs via their acrosomal
process. We studied the kinetics of this binding process and,
in agreement with the observations of Vacquier (1979),
found that sperm binding to fixed eggs reached a maximum
at 20 s after mixing the sperm with the eggs in the presence
of soluble egg jelly (Fig. 2). After this peak in binding, the
number of bound sperm decreased over the next 100 s by
50–70%. No further decrease was seen during the next 5
min of incubation. Microscopic observations revealed that
during the attachment and detachment phase that the
sperm were continuously attaching and detaching from the
eggs. Based on this observation, it seems clear that the total
number of bound sperm at any point in time is related to
the balance between the rate of sperm attachment to the
egg (attachment rate) and the rate of sperm detachment
from the egg (detachment rate). Earlier studies had revealed
that the majority of sperm required about 20 s to undergo
the acrosome reaction induced by egg jelly. However, the
maximum binding observed at 20 s was not due to a lag
time during which the acrosome reaction occurred, because
sperm that had been preincubated with jelly for 20 s before
mixing them with the fixed eggs showed the same kinetic
profile as that seen with sperm that had not been preincu-
bated with egg jelly (data not shown). Thus, it appears that
binding reaches its maximum at 20 s because at this point
the detachment rate begins to exceed the attachment rate.
Binding of S. purpuratus sperm to fixed eggs of a related
species, S. franciscanus, was observed (data not shown),
whereas no binding to fixed eggs of another genus, L. pictus,
eggs was observed (Fig. 2). In addition, S. purpuratus sperm
could bind to dejellied, live eggs of S. franciscanus (data not
shown). These results, taken together with the findings that
cross-fertilization between S. purpuratus and S. francisca-
nus does not occur or is highly restricted (Minor et al.,
1991), suggest that a barrier to cross-fertilization exists in
the process after sperm binding to egg surface.
Similar kinetics of S. purpuratus sperm binding were seen
when glutathione-agarose beads containing glutathione
S-transferase fused to a S. purpuratus recombinant receptor
fragment, denoted G(343–586), a fusion protein in which
receptor residues 343–586 are fused to the C-terminus of
GST (Fig. 1) were used instead of fixed S. purpuratus eggs
(Fig. 3). The G(343–586) recombinant receptor fragment,
which encompasses the C-terminal half of the 45A con-
FIG. 2. Time course of sperm binding to homologous and heter-
ologous glutaraldehyde-fixed eggs. The binding of S. purpuratus
sperm to dejellied, fixed S. purpuratus fixed eggs (n), or to dejellied,
fixed L. pictus eggs (F) are shown. For each data point, sperm
binding to 10 eggs was determined and both the average value per
egg and the standard error were calculated.
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struct, has been shown to contain a 32-amino acid domain
that exhibits genus specific sperm binding (Stears and
Lennarz, 1997). As in this earlier study, we found that in the
absence of egg jelly to induce the acrosome reaction, no
binding of sperm to the beads was observed above the
background level of binding (Fig. 3). Moreover, sperm bind-
ing was not observed when a GST fusion protein unrelated
to the receptor was attached to beads and tested for binding
of acrosome reacted sperm. In addition, binding of
acrosome-reacted sperm of several other unrelated species
was not observed (data not shown). Previous studies showed
that acrosome-reacted S. purpuratus sperm bound to poly-
styrene beads coated with a GST-recombinant fragment
encompassing receptor residues G(96–586) occurred via
their tip, and in that study no binding of unreacted sperm or
reacted heterotypic sperm was observed (Foltz et al., 1993).
In a static, unmixed system it would be expected that
sperm motility would be necessary for sperm to contact the
egg surface. In normal seawater, sperm acquire motility
upon dilution. However, egg jelly, in addition to inducing
the acrosome reaction, induces an uncoupling of respira-
tion, which causes a decrease in ATP synthesis (Christen et
al., 1983b) and a progressive loss of sperm motility. How-
ever, we could not visually detect any decrease in sperm
motility within the first 120 s after jelly addition. In
addition, the sperm preincubated with egg jelly for 120 s
could interact with G(343–586)-coated beads as well as
those without preincubation. Therefore, we assumed that
the decrease in overall number of sperm bound to fixed eggs
or to beads containing the recombinant receptor fragment
was not due to a decrease in the attachment rate of
swimming sperm. Rather, we hypothesized that the de-
crease in sperm binding was due to a decrease in the affinity
between sperm and the receptor, that is, an increase in the
detachment rate. In this context it should be noted that the
detachment of sperm which nonspecifically bind to the
beads coated with bovine serum albumin (BSA), which may
be due to the hydrophobic characteristics of BSA, did not
occur (data not shown). These findings suggests that the
detachment process is a unique event resulting from a
change in the specific interactions between the comple-
mentary binding molecules on both gametes.
Effects of Inhibitors of ATP Synthesis on Sperm–
Bead Interaction
Because previous studies had shown that immediately
following the acrosome reaction the level of ATP in sperm
begins to decline (Christen, 1983b; see also below), we
asked if ATP might be involved in sperm–receptor interac-
tion. We first carried out a sperm–bead binding assay using
S. purpuratus sperm and beads containing the receptor
fragment G(343–586) in the presence of egg jelly and added
respiratory inhibitors at the time of peak binding of sperm.
It was found that both cyanide and azide somewhat in-
creased the detachment process (Fig. 4a); addition of 60 mM
oligomycin or 6 mM CCCP also caused an increase in the
rate of sperm detachment (Fig. 4b), although the effect was
less marked than that caused by cyanide or azide.
Prevention of Sperm Detachment by Blocking of
Dynein ATPase Activity
The question we next asked was whether the sperm
detachment observed with acrosome-reacted sperm, and
with sperm treated with inhibitors of ATP synthesis, might
be overcome by use of conditions that would block ATP
consumption. To test this idea, the effect of erythro-9-[3-(2-
hydroxynonyl)]adenine (EHNA) was studied. EHNA is
known to be a potent inhibitor of the sperm flagellar dynein
ATPase (Bouchard et al., 1981) that is involved in flagellar
movement. In marked contrast to the results seen in the
experiments with azide and cyanide, when 2.5 mM EHNA
was added at the peak of sperm binding (20 s) the number of
sperm bound to beads showed little, if any, decrease (Fig.
5a). However, if EHNA was added before binding, attach-
ment did not occur (data not shown), presumably because of
the complete inhibition of sperm motility. By microscopy
we observed that the sperm stably attached to G(434–586)-
coated beads were immotile when treated with EHNA. In
parallel experiments using eggs instead of G(434–586) on
beads we found that sperm also exhibited stable binding to
fixed eggs in the presence of EHNA (Fig. 6). In control
experiments with eggs we found that addition of either
FIG. 3. Time course of sperm binding to glutathione beads
containing GST recombinant egg receptor constructs. The sperm–
bead binding assay was carried out using S. purpuratus sperm and
beads coated with the 61-kDa GST linked-recombinant proteins,
G(343–586), in the presence (F) or absence (E) of jelly. Also shown
is binding to beads containing a GST-linked irrelevant peptide (42
kDa) in the presence (n) of jelly.
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EDTA or NaCN caused the same or lower level of sperm
binding as ASW at 120 s (Fig. 6). The findings that an
inhibitor of respiration, azide, as well as EHNA blocked
motility, but exhibited very different effects on sperm
binding, suggests that it is unlikely that sperm motility
directly affects the detachment rate.
The above observation suggests that stable binding pro-
moted by EHNA was due to maintenance of the ATP
content at a high level as a result of inhibition of the dynein
ATPase. However, because it was possible that EHNA
might inhibit ATPases other than the dynein ATPase, we
prepared tailless sperm, which physically lack dynein AT-
Pase. These tailless sperm can be induced to undergo the
acrosome reaction by jelly and are capable of fertilizing eggs
(Vacquier, 1979). We found that binding of tailless sperm to
beads exhibited the same properties as EHNA-treated
sperm (Fig. 5b), provided that the tailless sperm–bead bind-
ing assay was performed under conditions where the dishes
containing sperm and beads were constantly mixed. Tail-
less sperm which were immotile did not bind to beads
without mixing (data not shown). In addition, the finding
that the kinetics of binding of intact swimming sperm to
the beads was the same with or without mixing (Fig. 5b)
suggested that the mixing process per se did not cause any
secondary effect on sperm binding. Taken together all of
these findings suggested that the intracellular ATP level
might affect the rate of sperm detachment from its receptor.
Direct Measurement of ATP Levels
Given these observations we next directly measured the in
vivo level of ATP in sperm under the various conditions
described above. As noted earlier, after the induction of the
acrosome reaction uncoupling of respiration takes place
(Christen et al., 1983b). In agreement with this finding we
observed that the ATP level of diluted sperm declines in the
presence of egg jelly, reaching 25% of its initial level within
120 s (Fig. 7). Thereafter the rate of decline in the level of the
remaining ATP level is low. However, the sperm population
did not exhibit reduced motility for the first 120 s. Under the
FIG. 4. The time course of sperm binding to recombinant G(343–586) in the presence of various respiratory inhibitors. In (a), the arrow
indicates the time of the addition of a NaN3 to a final concentration of 2.5 mM (), 2.5 mM NaCN (h), or ASW (n) alone. In (b) 6 mM CCCP
(E), 60 mM oligomycin (F), or ASW (n) alone was added as indicated by the arrow.
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conditions used in this experiment, nearly 100% of the sperm
had been induced to undergo the acrosome reaction within
120 s, as observed by scanning electron microscopy (data not
shown). When the respiratory inhibitors as well as egg jelly
were added, no greater effect on depletion of ATP was
observed beyond that caused by egg jelly alone (Fig. 7). Thus,
the major difference between drug-treated and untreated
acrosome-reacted sperm is the state of their motility, not their
ATP level, but in both cases the sperm detach from the beads
as the ATP declines. In contrast, after the addition of EHNA,
the ATP level of acrosome-reacted spermatozoa was main-
tained at its initial level for up to 5 min.
Cyanide Does Not Abolish the Effect on Stable
Binding Induced by EHNA or Tailless Sperm
As mentioned above, we concluded that azide and cya-
nide promoted a decrease in sperm binding due to a loss of
sperm accessibility to the receptor as a result of loss of
motility. However, both drugs are known to inhibit various
enzymes other than the enzymes coupled to mitochondria
respiration. Therefore, the explanation for a rapid immobi-
lization of sperm by these drugs, even in sperm that contain
a relatively high ATP content, is that azide and cyanide
prevent a process more directly linked to the flagella
movement. Similarly it could be possible that azide and
cyanide also more directly prevent the interaction between
the receptor and its counter part on sperm rather than
flagella movement. To test this idea, we examined the
effect of cyanide on sperm binding after stable binding was
induced by addition of EHNA. It is reported that most of
sperm ATPase is dynein ATPase and that up to 98% of the
ATPase activity in sperm was inhibited by EHNA (Bou-
chard et al., 1981). As described above (Fig. 7), we found that
the intracellular ATP level was sustained by the addition of
EHNA. The subsequent addition of cyanide did not cause
FIG. 5. Stabilization of sperm binding following the inhibition of dynein ATPase activity. S. purpuratus sperm binding to G(343–586)
beads was tested. In (a), 2.5 mM EHNA (h) or ASW (F) was added as indicated by the arrow. In (b) the kinetics of tailless sperm binding to
beads was tested as described under Materials and Methods. The combinations of sperm and construct used were as follows: (E) intact
sperm and G(343–586) plus jelly, (F) tailless sperm and G(343–586) plus jelly, (n) tailless sperm and G(343–586) minus jelly, and (), tailless
sperm with a irrelevant GST-peptide plus jelly.
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detachment of bound spermatozoa (Fig. 8), probably because
under this condition a high level of ATP remained.
The Effect of Protease Inhibitors on Sperm Binding
to the Receptor
We next examined any proteinase inhibitor effects on
sperm detachment behavior, since it has been reported that
sperm detachment from fixed eggs was not prevented by
SBTI, which is known to prevent sperm detachment from
live fertilizing eggs (Vacquier, 1979). SBTI, as well as
most other proteinase inhibitors tested, were found to have
no effect on detachment (Fig. 9). None of inhibitors at
concentrations up to 1 mM affected sperm motility except
for 1,10-phenanthroline; this compound gradually de-
creased the motility. Interestingly, antipain and PMSF
blocked sperm detachment from G(343–586) coated beads
at a final concentration of 0.1 mM. However, E64 and
4-(2-aminoethyl)-benzensulfonyl fluoride hydrochloride
(AEBSF), both of which have a specificity of inhibition
similar to those of antipain and PMSF, respectively, did not
block detachment. The difference between antipain and
E64 in terms of specificity is that antipain inhibits serine
protease activity but E64 does not. Nonetheless, other
serine protease inhibitors, benzamidine and leupeptin as
well as SBTI, did not block detachment. Failure in stabili-
zation of sperm binding with the water-soluble, irreversible
serine protease inhibitor AEBSF, which is comparable to
PMSF, but shows lower toxicity, suggests that PMSF block-
age of sperm detachment may somehow be related to its
toxicity. From these results we conclude that it is very
unlikely that detachment of sperm from the receptor is the
result of proteolytic action by a serine protease. This
conclusion is consistent with the findings on sperm detach-
ment from fixed eggs (Vacquier, 1979). However, we cannot
completely rule out the possibility that the inhibitory effect
of PMSF and antipain on detachment is due to the preven-
tion of the proteolysis of a binding molecule(s). Interest-
ingly, it was reported that SBTI and antipain caused
polyspermy (Schuel et al., 1976). SBTI is known to inhibit
“sperm receptor hydrolase” and “vitelline delaminase”
activities resided in the cortical granules (Carroll and Epel,
1975). Both activities are involved in the polyspermy block.
Given this finding, it may possible that antipain inhibits a
sperm acrosomal protease that is involved in degradation of
a binding molecule on sperm such as bindin.
DISCUSSION
In the sea urchin it is well established that following
initial binding of many sperm to the egg cell surface a single
sperm fuses with the plasma membrane. This fusion results
in a rapid change in the egg plasma membrane potential
change followed by exocytosis of cortical granule contents
and detachment of all the remaining sperm (Vacquier et al.,
1973b; Jaffe and Cross, 1986). In the current study, we have
shown that the time course of sperm attachment and
FIG. 6. Stable sperm binding to fixed eggs induced by the addition
of EHNA. The number of bound sperm to glutaraldehyde-fixed eggs
in ASW was counted at 5 or 20 s after incubation. After 20 s, EDTA,
EHNA, or NaCN in ASW was added and the number of sperm
remaining bound to the bead was counted after 120 s. As a control
ASW was added.
FIG. 7. The time course of intracellular ATP content of S.
purpuratus sperm in the presence of respiration inhibitors or in the
absence of flagellar dynein ATPase activity. ATP measurements
were performed as described under Materials and Methods. S.
purpuratus sperm were diluted into 10 mM Tris-buffered sea water
containing jelly and the various inhibitors. The effects of 2.5 mM
NaN3 (F), 2.5 mM NaCN (x), 60 mM oligomycin (), 6 mM CCCP
(n), and 2.5 mM EHNA (h) or ASW (E) on the level of ATP were
examined. In addition, the ATP content of tailless sperm () was
determined.
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detachment from either glutaraldehyde-fixed eggs or beads
containing recombinant receptor is quite similar to that
observed using live eggs. In contrast, this phenomenon of
detachment was not observed in the case of agarose beads
coated with BSA, to which sperm bind nonspecifically.
Although sperm detachment during fertilization of live eggs
is believed to involve proteolysis of the receptor by SBTI-
inhibitable proteases released from the cortical granules,
sperm detachment that is not inhibited by SBTI occurs
following sperm binding to formaldehyde-fixed eggs (Vac-
quier, 1979). Our results have confirmed and extended this
finding, since we found that the sperm detached when
either glutaraldehyde-fixed eggs or beads coated recombi-
nant receptor were studied. Furthermore, a comparison of
the kinetics of sperm binding to fixed eggs and recombinant
receptor attached to beads revealed that in both systems (1)
sperm attachment reached a maximum at 20 s and thereaf-
ter declined, and (2) binding was absolutely dependent on
prior induction of the acrosome reaction in the sperm.
We next focused on the detachment process by studying
the effect of various drugs added at the peak of binding.
Under control conditions using jelly alone the bound sperm
continued to exhibit the potential for motility since flagella
movement was observed. However, it became apparent that
tail movement was not the cause for the detachment, since
when inhibitors of respiration were added motility imme-
diately ceased, but detachment still occurred (at a some-
what increased rate). In contrast, when motility was
blocked by the addition of the dynein ATPase inhibitor
EHNA or by using tail-less sperm, detachment did not
occur. These findings clearly indicate that motility is not a
controlling factor in the detachment process. Moreover, a
strong correlation was observed between the level of ATP in
the sperm and detachment. Detachment occurred under
conditions where the ATP level was found to decline, that
is, normal conditions involving acrosome-reacted sperm, as
well as when uncouplers were added to acrosome-reacted
sperm. No detachment occurred when ATP was sustained
at a high level, that is, EHNA treatment or use of tailless
sperm. In earlier experiments using sea urchin sperm, it was
shown that EHNA prevented O2 consumption in mitochon-
dria (Christen et al., 1983a) and inhibited protein carboxy-
methylase activity (Bouchard et al., 1981). However, this
stabilization of sperm binding cannot be the result of the
inhibition of the carboxymethylase activity because only
20% of the activity of the enzyme was inhibited by 5 mM
EHNA over the first 15 min (Bouchard et al., 1981), whereas
stable sperm binding occurred immediately after EHNA
addition.
The fact that the decrease in the number of bound sperm
per bead seen in the detachment phase (20–120 s after the
addition of sperm with jelly) was accelerated by the respi-
ratory inhibitors can be explained by two possibilities: (a) a
decrease in ATP level altered the affinity between sperm
and its receptor, or (b) inhibitor treated sperm could no
longer reattach because they could not swim to the beads
because they were immotile. The later possibility seems to
be more likely because immotile sperm resulting from
pretreatment with azide did not bind to the beads. More-
over, during the first 10–20 s after addition, the inhibitors of
mitochondrial respiration did not cause a greater decrease
in ATP than that observed in acrosome-reacted sperm not
exposed to inhibitor. Yet, during this same time period a
significant decrease in binding of sperm took place in the
presence, but not in the absence, of the inhibitors.
In further studies it was found that once sperm had
FIG. 8. Stable binding induced by EHNA is not altered by subse-
quent addition of NaCN. The kinetics of S. purpuratus sperm
binding to G(343–586) beads were measured. The first arrow
indicates the point of addition 2.5 mM EHNA (E), 2.5 mM
NaCN(F), or ASW (h). In another second set of samples following
the addition of EHNA, either 2.5 mM NaCN () or ASW () was
added at the second arrow.
FIG. 9. Effects of proteinase inhibitors on sperm detachment.
Protease inhibitor was added at the time when sperm binding
reaches a maximum (20 s) to a final concentration of either 0.1 or
1.0 mM. Protease inhibitors tested were as follows: 1,10-
phenanthroline (1,10-Phe), benzamidine (Benz), leupeptin (Leupep),
antipain (Antipain), 4-(2-aminoethyl-benzensulfonyl fluoride hy-
drochloride (AEBSF), phenylmethylsulfonyl fluoride (PMSF), and
E64 (E64).
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attached and detached the beads were inactivated; that is,
the addition of fresh sperm did not result in binding to the
recombinant receptor. In contrast, the sperm used in the
first challenge were capable of binding to fresh beads (data
not shown). Thus the sperm, once they have interacted
with the receptor, induce inactivation of receptor function.
The binding ability of the receptor for sperm was restored
by washing of the receptor containing beads with 1% Triton
X-100 containing PBS, suggesting that this inactivation is
not irreversible, such as that caused by proteolytic degrada-
tion. This idea is consistent with the finding that after
sperm detachment no change in the size of the recombinant
protein could be detected by SDS–PAGE analysis (data not
shown). However, the basis of the reversible inactivation
has not been determined.
Very recently it has been reported that recombinant S.
purpuratus bindin and the recombinant receptor fragment,
GST-45A, interact with simple bimolecular kinetics (Cam-
eron et al., 1996). Bindin is clearly one of the complemen-
tary molecules involved in binding to the receptor. How-
ever, isolated bindin retains its capacity to interact with the
egg surface hours after its isolation (Vacquier, 1979). This
result may be explained solely by the different physiological
conditions encountered by biochemically isolated bindin
and native bindin in a live sperm cell. Perhaps proteolytic
degradation of bindin caused by an antipain-sensitive pro-
tease released from sperm acrosome vesicle does occur; this
will be the subject of further investigation. One possible
unifying explanation for all of these observations is that an
unknown molecule, likely to be either a lipid or a protein
that binds to the receptor exists on the sperm surface and
may gradually lose its affinity for the sperm (perhaps as a
result of proteolytic degradation) after induction of the
acrosome reaction and subsequent binding to the receptor.
This released molecule would remain with the receptor
protein and thereby inhibit binding of additional fresh
sperm. The process of detachment of this molecule from
sperm could be blocked when the ATP is sustained at a high
level. However, we were unable to detect any proteins,
including bindin, associated with the receptor-coated beads
following sperm detachment.
Sixteen years ago Vogel et al. (1982) postulated two
models to explain the kinetics of sperm–egg binding. In one
model many sperm permanently attached to the egg surface
but only a small fraction could fuse because they are not in
the “appropriate” locale on the egg. In the other model only
a small fraction of many sperm that bound were capable of
fusing. Our results lead to yet a third model in which after
binding of sperm to the egg receptor, if fusion does not
occur, the sperm detach and leave the receptor on the egg
nonfunctional with respect to binding to another sperm. It
is of interest to consider this sperm detachment phenom-
enon in other species. With respect to mammalian gamete
binding in the mouse, after the acrosome reaction a rear-
rangement of the surface localization of sperm b1,4-
galactosyltransferase is known to occur (Miller et al., 1992).
In Xenopus it is now clear that the first site of stable sperm
binding is in the vitelline envelope and that considerable
movement of the sperm may be necessary before it can
interact with the plasma membrane (Tian et al., 1997a,b). In
the case of ascidians, sperm N-acetyl hexosaminidase,
which is involved in sperm–vitelline coat interaction, mi-
grates with the mitochondria during the morphological
change that occurs during sperm penetration through the
vitelline coat (Lambert, 1989). The common theme in all of
these systems is that after initial sperm binding to the egg
surface, the sperm has to migrate through the extracellular
matrix surrounding the egg before it can fuse with the egg
plasma membrane. One possible explanation of sperm de-
tachment observed in the current study is that the interac-
tion between sperm and its receptor on the outer “coat” of
the egg must be weakened before interaction of the plasma
membranes of the gametes can occur.
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